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This thesis demonstrates that the one-dimensional charring abla- 
tion program, STAB II, can be modified to model the thermal response of 
an intumescent ablator which is exposed to a transient, low heat flux 
environment. The inputted conductivity values of the intumescent are 
the primary means of adjusting the program to account for the surface 
expansion experienced by intumescent ablators. Testing was performed 
on several important input parameters to determine their ability to 
affect the model's predictions. The results of these tests are included 
and the frequency factor and activation energy of the ablator were deter- 
mined to be very significant in affecting the model. The computer model 
was adjusted by altering key input parameters until the model was able to 
predict the thermal response of one specific intumescent, Firex 2373. 

In performing the model adjustments, the computer predictions were com- 
pared to experimental data. Finally, a discussion is included concerning 
the naval applications of intumescent coatings which are used in insula- 
ting areas of ships from the heat generated by shipboard fires and 
launched missiles. 
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PREFACE 



This thesis is the result of an investigation conducted at The 
Charles Stark Draper Laboratory, Inc. by my colleagues, LCDR James M. 
Leary, Lt. Joseph P. Marques, and myself. The primary focus of our re~ 
research was to learn the uses and properties of ablative materials with 
the ultimate objective of recommending alternate ablative materials to 
be used in insulating an inertial measurement unit (IMU) from a transient, 
low heat flux environment. Our work was initiated by the possibility of 
placing the IMU in a new thermal operating environment. We began by 
studying several ablative materials and then procuring those for testing 
which promised to be the most effective in protecting the IMU. 

To reinforce the testing phase, I chose to model the ablation 
process through a one-dimensional computer program. It was hoped that 
the computer results could be directly compared to the test results. 

My contribution would be adjusting the computer program to more accurately 
model the materials in question. Finally, the computer program could 
serve as a design tool in determining the ablative effectiveness of 
any new ablative materials by merely inputting simple thermophysical 
properties of the material. As my work progressed, it became clear that 
time would permit the adjustment of the computer model for only one 
material. Since the material being presently used is Firex 2373, and 
since early test results indicated that Firex was the best material for 
our application, I decided to concentrate on modeling this material with 
the computer program. In order to better understand the results of this 
thesis, I recommend reading the theses of my colleagues. 
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CHAPTER 1 



INTRODUCTION 



1.1 Ablation 

1.1.1 General 

Ablation is a complex phenomena involving a material's ability to 
adsorb tremendous amounts of incident heat while sacrificing its surface 
mass. As an ablative material is exposed to heat, the heat flow ini- 
tially penetrates at a low rate because of the low thermal conductivity 
of the ablator. This causes a rapid temperature rise on the surface with 
a subsequent phase change and thermal degradation of the material into 
pyrolysis gases and porous carbon char. During the phase change of the 
virgin plastic composite into lower molecular constituents and char, an 
enormous amount of heat is absorbed. Thus, the process is insulative to 
the remaining substrates. In addition to the heat absorbed in creating 
the chemical decomposition of the material, the pyrolysis gases them- 
selves absorb incident heat as they percolate through the surface. To 
restate the ablation phenomenon another way is to explain that ablation 
is the thermal decomposition of high polymers into low-molecular weight 
gaseous products and a porous char. ^ 

Ablative materials are a product of man's exploration of space. 
Although these materials are still widely used in reentry applications, 
they are beginning to find use in less severe thermal environments. 

There are many different types of ablative materials ranging from the 
silica, subliming-reradiative tiles used on the space shuttle to the 
intumescent ablators used in fire-retardant paints. Although each type 
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of ablator generally dissipates incident heat through chemical decomposi- 
tion, the mechanism in which each type performs their protective roles 
are quite different. 

The most common type of ablator is the charring ablator. A physi- 
cal model of a charring ablator is seen in Figure 1.1. Charring ablators 
have been used frequently as heat shield materials on space vehicles 
where the large amount of heat they can adsorb through their chemical 
degradation makes them ideally suited for the high heat loads of reentry. 
The pyrolysis gases generated by the chemical decomposition in the reac- 
tion zone also absorb incident heat as they percolate towards the sur- 
face. The char formed at the surface serves to insulate the substrate 
from incoming radiation as well as to reradiate a significant amount of 
heat back out of the material. Charring ablators appear to be most ef- 
fective in situations where the integrated heat flux is over 1000 Btu/ 

2 ( 2 ) 

ft . The charring ablator is particularly noteworthy to this thesis 

because it is a one-dimensional charring ablation computer program which 
is used to model an intumescent ablator. 




FULLY CHARRED REGION 



REACTION ZONE 



VIRGIN MATERIAL 



Figure 1.1. Physical mode of a charring ablative. 
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1.1.2 Intumescent Ablator 



An intumescent ablator is quite similar to a char forming ablator 
except that as the ablator begins to degrade, it expands or swells thus 
increasing its thickness and drastically reducing its effective conduc- 
tivity. So in addition to a reaction zone, an intumescent ablator has a 
zone of material which has swelled called the intumescent zone as seen in 
Figure 1.2. Firex 2373 is an intumescent ablator and Figure 1.3a and b 
show the swelling Firex 2373 experiences when it is exposed to heat and 



FULLY CHARRED 




Figure 1.2. Physical model of an intumescent ablator. 
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AFTER BURN < b ) 

Figure 1.3. Firex 2373. 



16 



undergoes degradation. As mentioned, the effective conductivity of the 
intumesced material decreases significantly and thus, the intumesced re- 
gion forms an excellent insulation for the material below it. This 
drastic conductivity change is the primary mechanism employed by an in- 
tumescent ablator in protecting the substrate from heat. Figure 1.4 
shows the manufacturer's conductivity model for the inturaescent ablator, 
Flexfram. The manufacturer is Fiber Materials, Inc. 




Figure 1.4. Manufacturer's thermal conductivity model for Flexfram. 

Although an intumescent ablator forms a char layer, the char 
formed is significantly less than the char formed on a charring ablator. 
The char on an intumescent ablator has very little reradiative capability 
and merely serves to cut off the oxygen supply to the substrates. Intu- 
mescent ablators are best suited for applications in low to moderate heat 

flux environments. Intumescents are typically used when the integrated 

2 

heat flux is less than 1000 Btu/ft as was the case encountered in our 
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